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ABSTRACT
General Application of Smart Inverters in Distribution and Smart Grid
by
Wenxin Peng
Dr. Yahia Baghzouz, Examination Committee Chair
Professor of
Department of Electrical and Computer Engineering
University of Nevada, Las Vegas
The electric grid of the near future will face challenges and opportunities based on two
aspects. First, the rapid growth of renewable generations expedites the upgrading of
traditional electric grids, allowing more and more distributed generation connected at the
customers’ side. Distributed generation units use a wide range of generation technologies,
including gas turbines, diesel engines, solar photovoltaics (PV), wind turbines, fuel cells,
biomass, and small hydroelectric generators. Under certain penetration level, the grid will
experience issues like unexpected voltage rise as well as reverse power flows due to the
fluctuation of power production of the distributed generation, especially when using
photovoltaic systems. Second, the development of the smart grid encourages using
computer-based remote control and automation to modernize utility electricity delivery
systems. The two-way communication technology requires that electrical units have
additional functions to collect, send and receive data, instead of sending technicians to
gather much of the information needed to provide electricity.
A grid-connected smart inverter can be the solution to both situations. In this
iii

dissertation, an inverter with the ability to generate controllable reactive power during the
DC/AC converting process is introduced, which is quite useful in voltage regulation as well
as for maintaining desired power factor. Furthermore, this inverter is also designed to
perform smart functionalities including islanding detection, ramp rate control, maximum
power point tracking and low/high voltage ride through according to the IEEE standards.
It also monitors the operation status of the connected PV, sending data to control center in
order to help with the management of larger scale of distribution.
The research includes the development of an accurate software model of the PV
inverter system, and the model validation based on both the simulation results and the lab
measurements. Field tests are also designed in order to validate smart inverter’s
autonomous functionalities. And the last part of this dissertation discusses the application
of smart inverters on a 34-bus distribution system. The inverters and the PV systems will
be connected to the original IEEE 34-bus feeder model to do more simulation and
validation based on the lab test results of a real grid-connected inverter.
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CHAPTER 1
INTRODUCTION
Renewable energy is of great importance nowadays because of the environmental
benefits it provides. Among various renewable energy systems solar power system is more
popular because solar energy resources are abundant, widely available, and are a kind of
renewable energy that has the greatest development potential. As global energy shortages
and environmental pollution have become increasingly prominent, solar photovoltaic (PV)
power generation has received worldwide attention and has become a key emerging
industry because it is clean, safe, convenient, and highly efficient.
Photovoltaic is the technology that converts sunlight into direct current by using
semiconductor components. Just like plants, algae and some species of bacteria that capture
light energy from the sun and produce sugar through the process of photosynthesis, solar
cells (silicon crystalline) harvest sunlight and produce electricity that we can utilize. The
process of this energy source operates silently and with no environmental emissions, which
make it one of the best renewable energy to replace traditional fossil-fuel-based energy.
The only drawbacks are the expensive system building cost and the relatively low
efficiency of power production. For a residential PV system, the total payback time could
range between 1 to 10 years depending on locations.

1.1 A Brief History of Photovoltaic Technology
The early history of photovoltaic can track back to 1839 when the physical
1

phenomenon of light-electricity conversion was first observed by a French physicist
Alexandre Edmond Becquerel. Then in 1888 Edward Weston received first US patent for
a "solar cell". The actual commercial solar age begins in 1954, when Bell Labs exhibited
the first high-power silicon PV cell. The New York Times forecasted that solar cells will
eventually lead to a source of "limitless energy of the sun". Within recent decades,
photovoltaic industry has experienced a rapid growth in increasing the power production
efficiency as well as decreasing the PV system cost.
Fig.1 shows the cell efficiencies research progresses of different type of solar cell
technologies from 1975 to near future. And Fig.2 gives an idea that how the cost per
wattage changes from 1980s to 2008.

Fig 1 Cell efficiencies of different type of technologies [ref. NREL]
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Fig 2 Solar PV global production and cost per watt
While at the end of the 1990s it was widely believed that photovoltaic is the most
elegant way of producing electricity, there was also a general understanding that this
technology, which was at the time the most expensive one, would still need some decades
and technological breakthroughs to become economical competitive. Due to forwardlooking market support programs notably feed-in tariff programs in Switzerland and
Germany, this technology could benefit from the well-known learning effect which is well
recognized in other industries. In essence, there is a close relationship between the price
and the cumulated volume of such mass produced goods and for a given product there is a
specific price decrease with every doubling of this cumulated volume. In the case of PV
3

modules and inverters there is a 20% price decrease – also expressed as Price Experience
Factor (PEF) 0.8 – with a doubling of cumulative volume. Due to the above mentioned
support programs the market growth in the first decade of this century was an unforeseeable
more than 50% per year that boosted cumulative volume from 1.4GW in 2000 to an
unanticipated 40 GW in 2010 and 100 GW by 2012. This implies a doubling of the
cumulative volume by 2010 (6 times by 2012) which with the above mentioned PEF results
in an expected price decrease of (0.8)5=0.33, meaning that the price in 2010 is 1/3 of what
it was in 2000 (~1/4 in 2012). The above is concluded by Winfried Hoffmann in The
Economic Competitiveness of Renewable Energy.
According to the most recent report from Solar Energy Industries Association, the PV
installations continue to boom.

Fig 3 Quarterly report of PV installations from 2010 to 2014 [ref. SEIA]
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The cumulative solar electric capacity operating in the U.S. is over 15.900 MW, which
is enough to power more than 3.2 million average American homes. In the second quarter
of 2014, 42,000 PV systems were installed, and more than half a million homes and
businesses have gone solar. All three PV market segments grew significantly year after
year, with 247 MW of residential, 261 MW of non-residential and 625 MW of utility
installations coming online, noticing that the increasing of residential installations imply
the increasing number of distributed generation.

Fig 4 Forecast of solar installation in U.S. [ref. SEIA]
Most of modern solar cells are made of either silicon crystalline or thin-film
semiconductor material. Silicon cells are more efficient in power converting but generally
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have higher manufacturing cost. Thin-film cells typically have lower efficiencies but can
be easier to manufacture and are less expensive. There is also a specialized category of
solar cells called multi-junction or tandem cells that are used in applications requiring low
weight and high efficiencies such as satellites and military applications. All types of PV
systems are widely used today in a variety of applications.

Power Plants
A lot of photovoltaic power stations have been built for a large amount power
generation. The largest power plants are built in countries like USA, Germany, China,
India, Canada and so on, generating power from 70 MW to 247 MW. There are also many
large plants under construction such as the 550 MW Desert Sunlight Solar Farm and 550
MW Topaz Solar Farm which are both located in California, as well as the 500 MW Blythe
Solar Power Project in Riverside County, California. These large solar power plants are
usually integrated with agriculture systems and with no fuel cost and emissions during
operation.

Rooftop PV Panels
Rooftops are photovoltaic systems integrated with buildings, making the buildings
energy efficient or self-powered. The world’s largest rooftop system is the TrinaSolar
40MW large scale installation, located in Antwerp, Belgium, occupying almost 800,000m2
and expected to provide the average amount of electricity consumed by approximately
6

14,000 households. In USA, according to US Census data, the rooftops of the United States
alone offer over 200 billion square feet of potential surface area for installing PV systems.
Assuming only 25% of this area is suitable for continuous PV operation; the total energygenerating potential exceeds 50,000 megawatts.
Standalone Systems
Solar powered remote fixed devices have been increasingly used recently in locations
where significant connection cost makes the grid power expensive. Such application
include charging stations, garden lamps, water pumps, parking meters, emergency
telephones and remote guard posts and signs.

1.2 Introduction of Smart Power Grid Systems
A smart grid is the power grid in the future age. This intelligent power system is mostly
computer-based, or cyber-controlled, consisting of many distributed generation stations in
the form of microgrids. The microgrids incorporate intelligent load control equipment in
its design, operation and communication. This enables the energy end users and the
microgrids serving them to better control energy usage. Smart appliances such as
refrigerators, washing machines, dishwashers, and microwaves can be turned off if the
energy end user elects to reduce energy use. This is done by connecting the smart
appliances to the energy management systems in smart buildings. This technology will
enable the energy end users to control their energy costs. Advanced communications
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capabilities in conjunction with smart meters and smart appliances enable the energy end
users with the tools to take advantage of real-time electricity pricing and incentive-based
load control. Furthermore, the emergency load reduction can be achieved by turning off
millions of air conditioners on a rotation basis for a few minutes. With real-time pricing,
the energy end users would have a very high incentive to become energy producers and
install green energy sources. As real-time prices take hold, commercial and industry units
are expected to generate their own energy and sell their extra power back to the power grid.
“Sensing and measurement tools, a smart transducer, and an integrated communication
system are the three important elements of an internet-based smart grid. These elements
monitor the state of the power system by measuring line flows, bus voltages, magnitude,
and phase angle using phasor measurement technology and state estimation. The
technology is based on advanced digital technology such as microcontrollers/digital signal
processors. The digital technology facilitates wide-area monitoring systems, real-time line
rating, and temperature monitoring combined with real-time thermal rating systems.
Transducers are sensors and actuators that play a central role in automatic computerized
data acquisition and monitoring of smart grid power systems. A smart transducer is a device
that combines a digital sensor, a processing unit, and a communication interface. The
smart/controller transducer accepts standardized commands and issues control signals. The
smart transducer/controller is also able to locally implement the control action based on
feedback at the transducer interface. The utilization of low-cost smart transducer is rapidly
increasing in embedded control systems in smart grid monitoring and control.
8

Real-time, two-way communication is enabling a new paradigm in the smart grid
system. It enables the end users to install green energy sources and to sell energy back to
the grid through net metering. The customers can sign up for different classes of service.
Smart meters facilitate the communication between the customers by providing the realprice by the supplier. The customers can track energy use via Internet accounts, where the
expected price of energy can be announced a day ahead for planning purposes and the realtime price of energy can be provided to end users so they may be aware of the savings that
can be realized by curtailing their energy use when the energy system is under stress.
A smart meter allows the system operator to control the system loads. Load control
ultimately provides new markets for local generation in the form of renewable green energy
sources. With the installation of smart meters (i.e., a net metering system), end users can
produce their own electric power from renewable sources and sell their extra power to their
local power grid.
As more customers use a net metering system, a substantial change in energy demand
will result. Residential, commercial and industrial customers will install PV systems, use
wind farms and micro-generation technologies and store energy as independent power
producers. The energy management systems of smart buildings with their own renewable
power sources and combined head and power are likely to be the trend of the future. With
the installation of an advanced net metering system, every node of the system will be able
to buy and sell electric power. The use of real-time prices will facilitate the control of
frequency and tie-line deviations in a smart grid electric power system. Under the grid
9

emergency operation, the real-time pricing will provide a feedback signal as the basis of
an economic load/shedding policy to assist the direct stabilizing control for a smart grid.
Real-time pricing can be integrated with demand response to match the system load
demand and generation in real-time. This will facilitate coordinating demand to flatten a
sudden change in energy use. If the sudden surge in demand is not satisfied, it will result
in the cascading collapse of the power grid. In demand response control, these spikes can
be eliminated without the cost of adding spinning reserve generators. It will also reduce
maintenance and extend the life of equipment. Energy users can reduce their energy bills
by using their smart meters to program and operate their low-priority household appliances
only when energy is at its cheapest” [1].

1.3 Organization of Dissertation
Due to the rapid growth of the PV industry and the trend of modern power grid
development into a smart grid, the traditional electric power systems will face new
challenges and opportunities. The increasing number of PV installations will increase the
amount of distributed generation in the power system, which brings more micro grids in
the tradition distribution systems. High penetration level of PV gives more pressure to grid
operation such as voltage regulation and power flow control, because the voltage regulators
and shunt capacitor banks are designed to switch at low frequency, while the instantaneous
power of those PVs could vary rapidly due to the constant change of the weather conditions.
The future smart power grid also requires those distributed PV systems to communicate
10

with control center, sending back real-time data and dynamically controlled by the
supervisor. In this dissertation, a multi-functional smart inverter is proposed to solve the
problems above and meet the requirements of smart grid design. The technology,
simulation and test results will be discussed in the following chapters.
This dissertation is organized into seven chapters.
Chapter 2 is a brief review of recent researches on PV inverter technology and smart
grid technology. Related standards such as IEEE 1547 and California Electric Tariff Rule
21 are also introduced, which is also one the motivations of dissertation.
Chapter 3 describes the detailed procedure to develop the circuit model, including the
circuity design as well as the switch control techniques and the MPPT algorithm.
Chapter 4 validates the circuit model with comparison to the lab measurements on an
actual inverter. Inductive components used in the inverter are also analyzed including DC
link capacitors and a low pass filter.
Chapter 5 tests the smart inverter functionalities with both the field tests on the SMA
inverter and the compared simulation results.
Chapter 6 discusses the possible applications of smart inverter on the distribution
system. A 34-bus system is introduced with its PSCAD model.

11

CHAPTER 2
LITERATURE REVIEW
2.1 Grid-connected Inverter Technology
Compared to stand alone systems, grid-connected systems require inverters to
synchronize with the utility grid, which means to operate under the same voltage and output
AC should be in phase with utility analog signals. In this case, the switching of the inverter
is usually guided by a reference signal based on the instantaneous voltage waveform of the
utility.

Fig 5 Typical design of a grid-connected inverter system

Inverters available on today’s market are manufactured using a number of different
technologies. There are inverters using conventional a low-frequency transformer, as well
12

as ones using newer high-frequency, light-weight transformers. There are also
transformerless inverters that are even lighter and less complex but mainly used in
European countries. The purpose of implementing a transformer in inverters is for isolation
from utility grid in order to reduce the chance of power failure. In U.S. the IEEE standards
require the inverters connected to the grid be transformer based. Another technology
categories of inverters are single phase and three phase, which are for residential end users
and business, and industrial companies respectively.
With the increasing demand of ensuring the reliability of the grid under high solar
penetration, much research on smart inverters has been done. Guohui reviewed the smart
PV inverter – DOE Sunshot SEGIS – AC program. He pointed out that the possible
improvements of current inverters are to develop grid-support inverter capabilities. Those
include reactive power control and voltage ride through to help stabilize system voltage
and smooth the system output, and a cost-effective inverter anti-islanding method under
high PV penetration scenarios. Standard communication protocols and system
interoperability for those smart inverters must also be developed [2]. In Enrique’s work,
some active functions of smart inverters are implemented such as reactive power control
and they have actually built a communication system and completed the scenario testing
through their own methodology for TCP/IP communications [3]. Matthew discussed the
capabilities of a smart inverter for helping the situation of over-voltage on distribution
systems with high PV penetration. And the solution to over-voltage is to adjust power factor
to absorb reactive power, which is basically reactive power control [4]. Cicero introduced
13

the dSPACE system based implementation of a smart grid, providing a complete interface
between Matlab/Simulink modeling and the hardware [5].

2.2 Control of Grid-Connected Inverter Systems
Reactive power control plays an important role in smart inverter functions. According
to most references, Volt/Var control is more often to be used than current control. This is
because in voltage-mode control the MPPT is less difficult due to the direct management
of PV voltage on the DC side.
In voltage control, switch signals are generated by using pulse width modulation (PWM)
under the comparison result between reference sinewave signal and a fixed triangular
waveform. Its modulation ratio is defined as the ratio of reference signal peak amplitude
and the amplitude of triangular wave, which only affects the frequency spectrum of output
voltage but has nothing to do with the RMS value of output voltage and current. Therefore,
there is usually a DC/DC converter installed between PV and inverter in order to control
the output voltage and current which consequently obtain the desired output power from
PV. The DC/DC converter is also where the MPPT algorithm is applied.
In current control, the PWM signal is generated based on the feedback information of
the real-time current readings. The switches are controlled on and off to obtain a desired
current waveform, usually guided by a reference sinewave signal, synchronized with the
grid voltage in the grid-connected system. The advantage of current-mode control is the
output current waveform can be accurately obtained. As the voltage at the utility side is
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fixed in most cases, the output power can be precisely controlled and adjusted by varying
the magnitude and phase of reference signal. Moreover, since the power can be managed
at the utility side, the DC/DC converter between the PV and the inverter becomes
unnecessary, which reduces the complexity of the system. The only drawback of this mode
is the risk of power overdrawing that will result in an instability to the system and increased
difficulty when applying MPPT. Meanwhile, the switching frequency of the inverter is
varying within a wider range compared to the voltage-mode control.
The control of grid-tied inverter has been widely studied. Pedram analyzed the Volt/Var
control of PV inverters in order to mitigate the voltage rise issue due to the reverse power
flow. He presented a detailed mathematical study of Volt/Var control inverters with metrics
and tested it in a power grid model [6]. Kandil proposed a reactive power controller on a
distribution generation system using fuel cells instead of PV, which helps the study of a PV
system with energy storage units [7]. Batteries have different I-V characteristics from PVs,
and the biggest difference between modeling a PV and a battery is PV can be represented
by a current source while batteries have similar performance as a voltage source or a
variable capacitor. In Yeh’s paper, he had presented the combined performance of PV cells
and batteries for distribution lines [8]. In a larger scale perspective, Masoud showed the
study on applying inverter VAR control for a real-world 47-bus distribution systems and
discussed power flows and the impact of inverters in detail [9]. Pedro, Hsu and Chia-Tse
did similar research on improving voltage in a distribution network under high PV
penetration with the help of reactive power control on grid-tied inverters [10][11][12].
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Particularly, Ali had looked into the extreme case of operating PV inverters in the VAR
mode at night, which has zero real power generation. It showed that even without any active
power provided by PV, the inverter can still draw active power from the grid and transfer
it into reactive power [13].

Fig 6 Hysteresis current-mode control (Delta-PWM)

In contrast to inverter VAR control in the voltage-mode control, less research has been
done on current-mode control. The difficulty of implementing MPPT when constraining
inverter current may be a significant concern. Few research reports discussed the detailed
MPPT algorithm when a current control switching scheme is used. Recent study on this
topic compared the different types of current control method of inverters, which are usually
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known as the hysteresis control (Delta-PWM), ramp comparison control (carrier-based
PWM) and predictive method.
Wang proposed an inverter model using hysteretic current mode control. He mentioned
the control target of hysteresis control is the average current, but a buck converter is still
used in his simulation. Muh. focused his work on comparing the hysteresis method and the
ramp comparison method [15]. It concluded that hysteresis control resulted in less line
voltage distortion while less current distortion was observed, which is close to the result of
my own research. The hysteresis control algorithm actually gives more uniform distortion
while in the ramp comparison method more distortion will occur when the reference signal
approaches to zero rather than moving to the peak. Research on improving performance of
hysteresis control is also done by applying the adaptive current hysteresis band, in order to
obtain constant switching frequency to reduce system noise [16]. Firuz did similar work
with a new random current control technique which generates a random hysteresis band
which helps to determine the best band height variation [17].
Regarding predictive current control, research shows that its performance will be
degraded compared to the theoretical estimation. It can be fixed by taking into account the
effects of control delay and integrates an additional digital compensator [18]. Attila
proposed a hybrid control algorithm that can switch among the above three methods when
one of them is considered the best [19]
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Fig 7 Current shape of hysteresis control and ramp comparison control [15]
2.3 Maximum Power Point Tracking Algorithm
I-V curves of photovoltaic cells reveal the relation between the operation voltage and
current. This nonlinear characteristic results in a particular voltage current pair (Vmax, Imax)
that yields most active power that the cells can produce. The value of Vmax and Imax are
related to the open circuit voltage Voc, short circuit Isc, series resistance Rs and equivalent
parallel resistance Rsh. For a grid-tied inverter system, without the prior acknowledgement
of PV cells’ data, it is required to have the ability to find the operating working point that
provides maximum power of the PV and remain the state. There are already several
algorithms for MPPT, although most used in voltage-mode control.
Perturb and Observe (P&O) is the most commonly used method for MPPT and the most
straightforward to implement. The controller is constantly sending a small variation of
voltage/current and then observing its response. If it shows this perturbation results in an
increasing output power, the controller will keep sending the same signal at the next
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operation. Until a decreasing output power signal is received, the controller will change to
send the opposite or negative value of the previous perturbation.
Incremental Conductance is another way to track the maximum power point. Instead
of observing the output power, it measures the incremental change in array voltage and
current. At the maximum point, derivative of the ratio of voltage and current will reach the
maximum; any decrease of that value will imply that the system is leaving the maximum
power point. This method is more computational but has quicker response than P&O
algorithm.
Current Sweep is rarely used in MPPT since it requires the controller to obtain the
entire I-V curve of the PV system at each time step, and the maximum power point can be
calculated with the updated I-V curve. Of course complete the current sweep at each time
step is time consuming and requires more computation than the above methods.
In recent research, the inverter MPPT control algorithm is a hot topic. In Ansel’s paper,
two topologies sharing a common inverter design are comparatively studied. One
connected four PV panels with a single central inverter which better represented most
industry configurations, and the second topology was to connect each of the four PV panels
to a micro inverter. Each PV-inverter system has an independent MPPT controller. Both
topologies used buck converter to adjust line voltage for output power management [22].
The content of Yuncong’s research is probably the closest to the current work among the
references. He studied and evaluated the performance of load current based MPPT control
for PV systems. He concluded that measuring and controlling current at the load side/utility
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side/DC side require less sensors (only line current instead of both current and voltage) and
avoid multiplier circuit for power calculation, but his research model didn’t include the
utility which means no grid-connected condition was considered. In that case, voltage
across the load is variable and the power doesn’t have a linear relationship with the current.
A DC/DC converter is still required to maintain a proper voltage for the system, which
means its duty cycle and switching frequency unavoidably become additional factors to be
controlled [23]. Furthermore, the overdrawing of active power that is expected to occur
when the DC side current is controlled for MPPT was not discussed in his research. In this
dissertation, the above issue and the solution to it will be presented in the next chapter.

Fig 8 MPPT control on the DC side and AC side [23]
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An earlier research (2009, Patel and Vivek Agarwal) on MPPT actually mentioned this
issue, and depletion of capacitors and voltage crushing were discussed. However, the
resulting reverse current back into the inverter and a consequent third harmonic distortion
was not presented. In addition, a DC/DC converter that could be omitted to reduce system
complexity was still implemented in his model [24]. And the most recent research in 2014
proposed a neural network MPPT control scheme to improve the system performance by
lowering the distortion. Hysteresis control scheme is used in that model. The neural
network is trained to determine the best hysteresis band for the controller [25].

2.3 High Penetration Distributed Generations
A study on the impact of high penetration level of distributed generations has been
conducted before the VAR control inverter has been brought to the table. Conventional
solutions to voltage rising issue caused by DG is the low frequency controllers along the
feeder such as tab changers and controllable circuit breakers.
Stefan developed the control strategies for low voltage distribution systems under high
level DG penetration. He modeled a real existing low voltage network in Germany using
meshed grid topology. On-load tap changers (OLTC) and circuit breakers on the bus bars
are the main operations to avoid critical conditions of line voltage. Tap changers adjust the
turn ratio of transformers to obtain the desired primary or secondary voltages. Circuit
breakers turn on and off the line segments, changing the current flow to meet the
requirement. In this case appropriate switch positions in the network structure are crucial
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[26]. However, these low frequency operations (interval of two operations may be minutes)
will not meet the requirement to handle cases of fast voltage changing on distribution
generation like PVs. Unpredictable shading effects caused by passing clouds are a common
issue for photovoltaics, under which circumstance the voltage change will be within
seconds. A controller with quicker response is required to handle the issue. Mogos stated
more operations for voltage rise effect compensation, like most other related literature [27][32], and a typical French distribution system was modeled in his research. Besides OLTC,
compensator reactive power control, DG reactive power control and DG active power
control can also help mitigate the issue [33][34].

Fig 9 A system illustrating the operations for voltage rise effect compensation
Voltage compensators, usually capacitors banks, are commonly implemented along
long distance feeders to bring up voltages. In case of voltage rising as more DGs are
installed, disconnecting these capacitors accordingly will help maintaining voltage level,
but still they cannot be switched on and off too fast. Reactive power control on DGs is a
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better solution, which is basically done on inverters that connects DG and the grid.

2.4 Smart Inverter Functionalities
As the new requirements of distribution systems with high penetration and the need of
developing smart grid, grid-connected inverters become targets to implement new features.
There is a recent report published in January 2014 by the Smart Inverter Working Group
of Public Utilities Commission California, with the purpose of developing new functions
of inverters to improve the system performance after installing 12,000 MW distributed
generations to California’s network [35]. This report recommended detail autonomous
inverter functionalities as Technical Operating Standards within Electric Tariff Rule 21 as
following:


Anti-Islanding Protection



Low/High Voltage Ride Through (L/HVRT)



Low/High Frequency Ride Through (L/HFRT)



Dynamic Volt/Var Operations



Ramp Rates



Fixed Power Factor



Reconnected by “Soft-Start” Methods

And the communication requirements are proposed:
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Provide capability for including and/or adding communications modules for
different media interfaces



Provide the TCP/IP internet protocols



Use the international standard IEC 61850 as the information model for defining the
I-DER data exchanges



Support the mapping of the IEC 61850 information model to one or more
communications protocols



Provide cybersecurity at the transport and application layers



Provide cybersecurity for user and device authentication

The advanced inverter functionalities in Rule 21 are also defined:


Provide emergency alarms and information



Provide status and measurements on current energy and ancillary services



Limit maximum real power output at an ECP or the PCC upon a direct command
from the utility



Support direct command to disconnect or reconnect



Provide operational characteristics at initial interconnection and upon changes



Test I-DER software patching and updates



Counteract frequency excursions beyond normal limits by decreasing or increasing
real power
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Counteract voltage excursions beyond normal limits by providing dynamic current
support



Limit maximum real power output at the ECP or PCC to a preset value



Modify real power output autonomously in response to local voltage variations



Set actual real power output at the ECP or PCC



Schedule actual or maximum real power output at specific times



Smooth minor frequency deviations by rapidly modifying real power output to
these deviations



Follow schedules for energy and ancillary service outputs



Set or schedule the storage of energy for later delivery, indicating time to start
charging, charging rate and/or “charge-by” time.

Anti-Islanding Protection
Electrical islands can be hazardous when the distributed generation system is
disconnected from the grid but those DGs are still providing power to the load as a
microgrid. It can be life-threatening to electricians who are sent to do maintenance job and
power recovering work without knowing that part of the distribution system is still running.
Grid-tied inverters will have the responsibilities to detect the local occurrence of an
electrical island and send out warnings.
Intentional islanding is also a topic of the application of islanding detection function
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research [36][37]. It is an important technique for microgrid research, not for general power
system application.

Fig 10 Demonstration of electrical islanding issue
Low/High Voltage Ride Through (L/HVRT)
Low/high voltage ride through refers to the connect/disconnect behavior of the
distributed generation system during anomalous conditions. This defines the voltage levels
and time durations during which the distributed generation systems should remain
connected to the area electric power system and, similarly, the voltage levels and time
durations at which the distributed generation system must disconnect. Voltage fluctuations
will sometime go beyond the limits for just a short period of time and return to normal
range. Inverters with L/HVRT can operate the system longer times during voltage
anomalies than is currently allowed, avoiding unnecessary power outages.
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Fig 11 Default rule 21 voltage ride-through voltage-time value [35]
Article [38] analyzed the reason of inverter disconnecting during low voltage period.
The voltage dip occurring at the grid side leads to decreasing of inverter output power,
while on the PV side the output power is ensured to maintain maximum because of MPPT.
The power difference will result in voltage rise at the DC bus, which triggers the protection
of inverter and forces it to disconnect. One way to solve that according to the article is to
deviate the voltage from maximum power point when grid voltage dip occurs, decreasing
the output power of PV at the same time. Article [39] proposed a similar method and [40]
implements limits into the circuit to prevent voltage and current reaching the disconnecting
threshold.

Low/High Frequency Ride Through (L/HFRT)
Low/high frequency ride through has similar definitions as L/HVRT and examines the
system operating frequency. The purpose of inverter L/HFRT is to allow the system to
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operate longer than currently defined. Fig.12 is the default setting of frequency limit as the
minimum requirement for inverters defined by Western Electrical Coordinating Council
(WECC).

Fig 12 WECC off nominal frequency load shedding limits [35]
Dynamic Volt/Var Operation
Dynamic volt/var operation is to generate or consume reactive power by deviating
voltage from its nominal level. Volt/var control of the inverter is mainly operated under
voltage-mode control. In this dissertation, inverter reactive power is generated using
current-mode control, which will be compared and discussed in the following chapter.

“Soft-Start” Reconnection
After a power outage, when the system is back online, the distributed generation system
will be reconnected to the grid. If all the DGs start sending power to the grid at the same
time, the circuit may experience a sharp transition that will cause instability, significant
voltage fluctuation or change of operation frequency to the system. Designing an
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appropriate power increase rate can alleviate the situation, which could be implemented at
the MPPT control units.

Fixed Power Factor
Fixed power factor can be operated by matching the reactive power generation with the
active power at a fixed ratio. Different types of loads and DGs combination will have
different power factor to the grid. Enabling fixed power factor function can permit the
circuits to better maintain the optimal unity power factor of 1.0, or any value of power
factor that benefits the particular power systems.

From an academic aspect, Moreno-Garcia presented a universally deployable controller
geared toward emerging smart grid inverter communication/control standards. His work is
focused on developing a virtual instrument for the real-time monitoring, measurement of
power quality and electrical parameters, status of protective relays and detection of power
quality events, which is an important step to install modern inverter in smart grid [42].
Bouzguenda reviewed the smart grid features and renewable energy integration
requirements and proposed a micro inverter topology that meets leakage current standards
[43]. Ortjohann conducted research focusing the modular design for flexible smart grid
inverters. In his theories, under the condition of widely installation of smart inverters, sets
of regional inverters can be packed as modules with smart inverter functions. The control
center of the smart grid can utilize these functional modules in a most efficient way, as the
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power grid is highly inter-communicated and each single DG system can be dispatched to
help target power grid area in distance [45].

2.5 Review on IEEE standard 1547
The full revision of IEEE 1547 is addressing distributed energy resource (DER)
interconnection and interoperability, including associated interfaces, and per IEEE mandate
must be completed by 2018 [41]. It includes:


Generation and storage, including storage as a load



Advanced functionalities of both DER and modern grid equipment



Distribution-transmission impacts and cross harmonization of requirements



DER supplying adequate inertia for the grid



Microgrids



Very high penetration of renewables and other DERs



Intermittency and uncertainty of renewable generation



Two-way communications, controls, and dispatchability



Interoperability and intelligent devices integration



Demand response and load effects



Potential interactive effects among advanced requirements and specifications



Introduction and incorporation of advanced evaluation and testing approaches such
as enhanced modeling and simulation requirements
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Consideration and acceptance of power hardware in the loop and control hardware
in the loop technology



Potential requirements and specifications for considering evaluations of reliability
and resiliency of DER-grid interconnections.
IEEE Standard 1547 was the first in the series of standards developed concerning

DER interconnection. DER includes distributed generators and energy storage systems.
The standard provides requirements relevant to the performance, operation, testing, safety
considerations, and maintenance of the interconnection. It includes general requirements,
responses to abnormal conditions, power quality, islanding, and test specifications and
requirements for design, production, installation evaluation, commissioning, and periodic
tests.
Procedures for conformance testing and evaluation are provided in IEEE Standard
1547.1 (year 2005). 1547.1 specifies the type, production, and commissioning tests that
shall be performed to demonstrate that the interconnection functions and equipment of
DER conform to IEEE Standard 1547.
The IEEE Standard 1547.2 (year 2008) provides background on 1547 (year 2003)
requirements, providing tips, techniques, and rules of thumb. The 1547.2 document
includes rationale of 1547 requirements, and provides technical descriptions, schematics,
applications guidance, and interconnection examples to enhance the use of 1547.
The IEEE Standard 1547.3 (year 2007) addresses guidelines for monitoring,
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information exchange, and control for DER interconnections. It defines an Information
Exchange Interface and provides an Information Exchange Agreement template, which is
a framework to capture the specification of technologies and processes needed to support
communications and interoperability between equipment and implementing parties.
The IEEE Standard 1547.4 (year 2011) provides approaches and good practices for
the design, operation, and integration of microgrids, or DER island systems interconnected
with the distribution grid. The 1547.4 document addresses the capability to separate from
and reconnect to part of the grid while providing power to adjacent grid customers.
The IEEE Standard 1547.6 (year 2011) provides recommended practices that
address spot and grid distribution secondary networks. This document gives an overview
of distribution secondary network systems design, components, and operation; describes
considerations for interconnecting DER with networks; and provides potential solutions
for the interconnection of DER on network distribution systems.
The IEEE Standard 1547.7 (year 2013) addresses criteria, scope, and extent for
engineering studies of the impact on the distribution grid by DER. The methodology in
1547.7 is based on a tiered approach with criteria similar to “screens used by the
industry”— preliminary review criteria, conventional impact studies criteria, and special
impact studies criteria. In 1547.7, criteria are described for determining the necessity of
impact mitigation.
The IEEE Standard P1547.8 recommended practices was initiated to address
expanded use of 1547 through the identification of innovative designs, processes, and
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operational procedures. P1547.8 addresses advanced controls and communications for
inverters supporting the grid and best practices addressing multiple inverters and
microgrids, and provides state-of-the-art information for DER group behavior and
interactions with grid equipment (both operational and safety related, including
unintentional islanding) and interconnection system response to abnormal conditions, and
provides application examples such as state-of-the-art protection practices and advanced
unintentional islanding approaches.
The IEEE Standard 1547a (year 2014) Amendment 1 to 1547 allows DER to
support grid voltage regulation and provide voltage and frequency ride through.
Amendment 1 is applicable to all the original types of DER stated in 1547—static power
inverters and converters, induction machines, and synchronous machines.
The IEEE P1547.1a (testing procedures Amendment 1) updated standard was
initiated in 2013 per Amendment 1 of 1547 to cover testing for voltage regulation
equipment functionality and voltage and frequency ride through.

2.6 Summarization of Literature Review
This chapter reviewed literature on smart inverters and smart grids, as well as the
requirements addressed in related IEEE standards. The control topologies of grid-tied
inverters are widely researched and the corresponding MPPT algorithm is analyzed. Many
currently ongoing and completed projects indicate that multifunctional inverters play a key
role in smart grid development. With the increasing demand of distributed generations,
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functionalities of smart inverters moved out from theoretical sketches into practical
developments. In the next chapter, a novel inverter model with the above functions will be
presented. Its unique current-mode control scheme and MPPT logic unit is also discussed.
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CHAPTER 3
CIRCUIT MODEL DEVELOPMENT
The circuit model of proposed inverter is built and tested using software
PSCAD/EMTDC. It consists of a circuit model of photovoltaic cells, a square wave
controlled DC/AC H-bridge, a high frequency transformer, an AC/DC rectifier, a main
operation DC/AC H-bridge and low pass filters. A load is optional for this model and is
added for examining the islanding detection function of the inverter. The utility grid is
simplified and represented by a AC voltage source in this case.

Fig 13 Overview of circuit model of proposed inverter
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3.1 Circuit model of PV cells
The photovoltaic system to be modeled has 480 cells connected in series with their total
open circuit voltage 340V and short circuit current 8.35A. According to the properties of
solar cells, each of them could be regarded as a circuit with a variable current source in
parallel with a diode. The current source represents the solar current generated by
transferring the direct sun light, which is controlled by the percentage of solar insolation.
The diode has unique characteristics known as the I-V curve of a PV system; for an ideal
or lossless PV model, it satisfies the following equation:

𝐼𝑠 = 𝐼𝑠𝑐 − 𝐼0 (𝑒

𝑞𝑉
𝑛𝑘𝑇

− 1)

(1)

Where Isc is the source current as well as the short circuit current, Is is the output current of
the PV and I0 is the dark saturation current of the diode. Taking the series and parallel
resistances Rs and Rsh into account, the equation is extended to:

𝐼𝑠 = 𝐼𝑠𝑐 − 𝐼0 {𝑒𝑥𝑝 [

𝑞 (𝑉+𝐼𝑠 𝑅𝑠 )
𝑛𝑘𝑇

] − 1} −

𝑉+ 𝐼𝑠 𝑅𝑠
𝑅𝑠ℎ

(2)

Fig 14 shows the equivalent circuit of a solar panel. The current source is controlled by
the insolation factor Gn which varies from 0 to 1. The temperature effect is not considered
in this model. The parallel diode is in series with a dependent resistor which performs the
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characteristics of a diode. Current flowing through the Rd represents the drift current in the
P-N junction of PV cell. The cumulative series resistance is 6.24 ohms and the equivalent
parallel resistance is roughly 4930 ohms.

Fig 14 Equivalent circuit of a PV module

Fig 15 Computation diagram of Rd
According to equation (2), a computational signal flow of Rd can be designed in the
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software interface, as presented in Fig 15. The relation between source voltage Vs, current
Is and diode equivalent resistance Rd is concluded as the following equations:

𝑉𝑠 =

𝑅𝑑 =

𝐼 ∙𝐺 −𝐼
𝑙𝑛( 𝑠𝑐 𝑛 𝑠 )∙𝑛𝑘𝑇
𝐼0

𝑞

𝑉𝑠
𝑉
𝐼𝑠𝑐 ∙𝐺𝑛 −𝐼𝑠 − 𝑠

∙ 𝑁𝑐𝑒𝑙𝑙

(3)

(4)

𝑅𝑝

Fig 16 I-V sweep result under different insolation level. (Blue: 100%, green: 75% and
purple: 50%)
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To evaluate the performance of this PV model, three current sweeps have been taken
under 100%, 75% and 50% insolation levels. The PV model is connected to a variable load
with increasing resistance with time. The short circuit current of PV drops linearly as the
insolation level decreases.

3.2 High Frequency Transformer Isolation Units
Isolation is required in the U.S. standard when the inverter is connected to the grid. The
inverter tested in our lab has a build-in high frequency transformer. With a switch bridge
circuit at the primary side and a rectifier at the secondary side, the source current of the PV
cells will be first transferred into AC that is allowed to pass through the transformer and
switches back into DC afterwards. The high frequency transformer uses less material in
coils and as a result has a lighter weight than low frequency transformers, which can be
installed in a string inverter and micro inverters.

Fig 17 Isolation units circuit of proposed inverter

39

Fig 18 Measured waveform of the voltage before and after the H-bridge
The H-bridge on the primary side is designed to generate a square wave signal at high
frequency. According to the measurement in Fig.18, the square wave signal is controlled
at 20 kHz, with 30% to 40% deadband per cycle. The switches are controlled by the
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comparison result of duty cycle that varies from 0 to 1 and a triangular signal with its
magnitude changes between -1 and 1 at 20 kHz (Fig 19). Table 1 shows the logic signal of
the switches.

Fig 19 Block diagram of switch control
Table 1 Switch status for different ranges of Tri and D
S1

S2

S3

S4

Tri > D

1

1

0

0

-D < Tri < D

1

0

1

0

Tri < -D

0

0

1

1

(where Tri is the triangular signal and D is the duty cycle)

Notice that the deadband of square wave signal is obtained by switching both S1 and
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S3 to on simultaneously. The transformer in the circuit is lossless and has a 1.7:1 turn ratio
which will boost the input voltage by 70%. The two series inductors have 0.004 mH each
according to the lab measurement results. The diode rectifier turns the 20 kHz square wave
back to DC and will be smoothed by a 1400 µF capacitor which is not shown in the diagram.

3.3 DC/AC H-bridge and Hysteresis Current Control
The DC/AC H-bridge is the key unit of the inverter, where DC from the PV will be
turned into grid-synchronized AC. Furthermore, the inverter tested in our lab has no
DC/DC converter, so the MPPT control is also done at this part. The pulse width
modulation is applied based on the feedback signal of the current flowing out of the inverter,
before entering the filter (If in Fig.20).

Fig 20 Circuit of DC/AC H-bridge and its low pass filter
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A reference sine wave Iref1 which is in phase with the utility voltage is provided from
the control system. This reference current signal will create a region with a +0.25A upper
and -0.25A lower limit from Iref1, which constrains the output current If within the band to
obtain the desired waveform. So by adjusting the magnitude and the phase of the reference
current, the output current of the inverter can actually be controlled.

Fig 21 Hysteresis control logic block
Fig.21 shows the signal flow controlling the switches. Notice that both bipolar and
unipolar switching are available in this function block. Bipolar switching changes the
voltage between +Vtr and –Vtr, where Vtr is the DC voltage of the inverter, bringing the
current up and down respectively, while unipolar switching changes the voltage between
+Vtr and 0 at the first half cycle and -Vtr and 0 at the second half cycle. The tested inverter
is observed using unipolar switching like most other inverters. Unipolar switching results
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less harmonics than bipolar switching which less filter size to smooth the waveform, but
has more complexity in control.
The hysteresis function element can be found in the default library of PSCAD. The
upper and lower limits are set to +/-0.25A in this case, with an input which is the difference
of the inverter current If and reference current Iref1. When the input signal exceeds the upper
limit or falls below the lower limit, the output Boolean signal will switch to its opposite
state in order to bring the input signal back into the band. This hysteresis function element
can be also constructed from scratch by implementing a basic flip-flop. The sampling
frequency can be changed at will instead of using the default frequency based on minimum
time steps. Some errors can be observed when the input signal exceeds the band more than
the default settings, but it gives a closer comparison to reality.

Power Overdrawing Issue
During normal operation, the utility grid maintains nominal parameters of the circuit.
The voltage over the end user and DG is almost constant with accepted fluctuations that
are usual within +/- 5%. Therefore, for the proposed grid-connected inverter, controlling
its output current is equivalent to controlling its output power. Unlike the control
mechanism of those inverters that have a DC/DC converter and operate directly on the PV
side voltage or current, controlling the output power will have the risk of requiring more
power than the PV could produce. For example, the PV panels on the roof generate 2kW
maximum power above a certain level of insolation; the utility voltage is 208V in RMS,
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the nominal value of our test bed. The value of the reference current that draws maximum
2kW real power is 9.61A. However, the controller may send a command that increases the
reference current over 9.61A, either intentionally or because of the system fluctuation.
Even if the reference current is limited to this pre-calculated value, shading effects on the
PV will lower its availability of maximum power. The inverter will still try to draw 2kW
with the 9.61A reference current while the shaded PV can only provide 1.5kW, which can
be problematic.

Fig 22 Current-mode control can require more power than its maximum

Consequence of Power Overdrawing
Acquiring more power than the amount that the PV can produce will result in failure
of the inverter system. The capacitor in the inverter circuit will start to release stored power
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to meet the need of extra power in the first few milliseconds depending on the size of the
capacitor. As the capacitor is depleted, voltage across the capacitor drops. Because of the
I-V characteristic of the PV, decreasing the voltage to a certain level will bring down the
output power. So the drop of the PV output power will be first observed. When the voltage
drops below the peak amplitude of the utility AC voltage, a significant third harmonic will
appear. This is because when the DC voltage Vtr is lower than the AC voltage, the current
appears to fall instead of rising up, during which the output current If will fall out of the
hysteresis band. In another words, the inverter current will not rise with the reference signal
when the controller continuously acquires more power. The third harmonic, with big drops
of amplitude during the peak, decreases the total RMS value of the current. The power
factor drops quickly to around 0.5-0.6 because of the large amount of harmonics, which is
not acceptable to the system. The DC side voltage begins to oscillate due to the current
flowing back PV. The inverter system will move to a new equilibrium point with much
lower amount of output power and worse power quality

Solution to Power Overdrawing
The power overdrawing issue can be prevented by keeping the reference current below
the limit. Due to the uncertainty of the instantaneous solar irradiance, the reference current
limit has to be a function of instantaneous power generated by the PV cells. Whenever the
generated power changes, the reference current must change correspondingly. Meanwhile,
the perturb and observe (P&O) MPPT control algorithm will make the RMS value of the
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reference current increase or decrease by a certain amount, even when the reference current
reaches the limit, during which a greater decreasing on the reference current must be
performed to stop the capacitor discharging before the power drop is detected.

3.4 Maximum Power Point Tracking Design
MPPT in our inverter model is basically constantly updating the reference current value
to maintain output power at its maximum. The reference output power Pout, which is
proportional to the reference current, is initially set to 100% of source power Ps. This value
will keep bringing up the source current because the efficiency of the inverter is not 100%,
it delivers about 97% of source power in the proposed inverter system. Precise efficiency
is not able to be measured since the instantaneous current changes dynamically, resulting
in an oscillation of power loss in the inverter. The derivative of source power, △Ps, is
measured to indicate that every single operation of the MPPT makes the source power go
up or down, with a sampling frequency of 60Hz. It is applied under the following
conditions:
If dPs/dV > 0, which means the working point of the PV falls at the left side of the
maximum power point, indicating power overdrawing is occurring. Pout = 90% * Ps is set
to create a large drop on Pout to stop capacitor power release. So the inverter only works on
the right side of MPP where Vs > Vmax.
When the inverter is working properly, if △Ps < 0, which means previous action is
decreasing the source power, Pout is set to 100% * Ps in order to bring it back to maximum,
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until it reaches the previous upper limit.
If △Ps > 0.25W, Pout is also set to 100% * Ps since the power is rising properly.
If 0.25 W > △Ps > 0 W, which means Ps almost reaches the MPP, Pout is set to 95% *
Ps. The percentage value, which is 95% in this case, should be slightly lower than average
inverter efficiency. In this simulation the efficiency is around 96%, but the dynamic value
can’t be precisely determined because of the dynamically changing current. The copper
loss of the inverter is not a constant due to the unpredictable weather condition during each
time step.

Fig 23 Block diagram of MPPT algorithm
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Fig 24 Control signal block of MPPT
This MPPT algorithm is based on the concept of P&O, with a slight difference which
defines the normal state of the MPPT control as to constantly raise the power, and stop
increasing when it reaches a certain limit. Usually in the P&Q method the controller sends
a signal of changing and evaluates the result by comparing with the previous state to decide
the proper operation of the next move.
Controlling the source power on the DC side is also available in this model by adding
a switch between the PV module and the first DC capacitor. This switch can control the
output voltage of the PV and maintain the power at a certain value. The reference current
on the AC side is designed to match the power on the DC side in this case, avoiding
controlling on both sides.
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CHAPTER 4
MODEL VALIDATION BASED ON LAB EXPERIMENTS
This tested inverter is the Fronius IG 2500-LV, operating under 208 volt nominal
voltage and 60 Hertz nominal frequency. It has a 2000 watt rated output power and can
only operate at unity power factor. The inverter contains a high frequency transformer for
isolation. A set of three capacitors, 470µF each, is installed in parallel as the DC-link
capacitor bank. Another set of capacitors of the same size is installed between the
transformer and DC/AC H-bridge. The filter for the output signals is measured as an LC
circuit with two 0.68mH inductors in series and a 4.7pF capacitor.

Fig 25 Fronius IG 2500-LV Inverter
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4.1 Normal operation of proposed inverter model
When a grid-tied inverter is connected between the PV and utility, it is usually
connected only to DC side for a short period of time, because the capacitors in the inverter
must be fully charged before it synchronizes with the grid. In this case the PV panels always
start working at their open circuit voltage. The Fronius inverter tested in the lab requires
about 5 minutes before fully functioning when the power is on and connected to PV panels.
The circuit model developed in previous chapter will show the same phenomenon of
this preparation. After that under the control of MPPT, output power of PV will rise up
from 0 watt to maximum available. Until then the inverter is successfully synchronized
with the grid and starts to deliver power as assigned.

Fig 26 Output power plot under normal operation
Fig.26 demonstrates the procedure of the very first moment when the inverter is
switched on. There are three curves in the plot, representing real power generated by the
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PV panels (red), the output real power of the inverter which is controlled by the MPPT
(blue) and the reactive power (green) respectively. During the first 0.5 seconds, the inverter
is only connected to the PV and the solar power flows in to charge the capacitors in the
inverter. Also the capacitor voltage or the PV terminal voltage rises from zero volt to open
circuit voltage and the current drops from short circuit current to zero Amp. Power
generated by the PV rises from 0 to maximum and then drops back to 0, indicating the
completion of charging the capacitors. Then the inverter is switched to be connected with
the utility grid. Between 0.5 to 3.0 seconds, PV output power is slowly ramped up by
following the trace of the blue curve, the inverter output power, which is directly controlled
by the reference current. After 3 seconds, the real power of the PV reaches the maximum.
The control signal oscillates around the actual output power to maintain it at the maximum
value. A small amount of reactive power is generated because of the quick change of the
output real power. The gap between the PV output power and the inverter output power is
filled by the corresponding reactive power. This reactive power is unavoidable but can be
reduced by decrease the frequency of the P&O procedure.

4.2 Matching circuit model response with lab measurement
In static state cases, in order to determine the inverter switching frequency and types
of various controls, measurement of voltage and current waveforms at a number of points
within the inverter were taken while in operation. A digital oscilloscope which that was
floated (to avoid grounding issues since the inverter is connected across two phases of the
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three-phase 208/120 V utility supply) was used along with a 500x voltage probe. The
current waveforms we captured by placing a 100 mΩ wire resistor in series and using a
differential probe across its ends. A sample of such waveforms is shown in Fig. 27 below
when the system was supplying nearly 1.4 kW to the grid.

(a)

(b)

(c)

(d)

Fig 27 Sample of measured voltage and current waveforms at (a) PV side, (b) between stages, (c)
inverter output terminals (prior to filter), and (d) utility side.

In Fig. 27, the measurements confirm that the ripple across the capacitor that is located
between the two stages (Fig. 27(a)) is composed largely of the 2nd harmonic component
(120 Hz). They also indicate that the output inverter switching frequency appears to
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fluctuate (Fig. 27(b)) – a characteristic of current-controlled voltage-source inverter. The
specific type of current control is work in progress and is yet to be determined. Fig. 27(c)
indicates that the utility supply voltage is noticeably distorted and so is the in-phase current
generated by the inverter. Independent monitoring of the utility supply confirms that, while
the phase voltage has a flat top (due to the numerous computer power supplies and
fluorescent lighting with the building), the line voltage does indeed have a sharp peak with
some discontinuity at times.

(a)

(b)

(c)

(d)

Fig 28 Simulated voltage and current waveforms corresponding to measured ones in Fig. 27 - (a)
PV side, (b) between stages, (c) inverter output terminals (prior to filter), and (d) utility side.
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Fig 28 illustrates computer simulated waveforms that correspond to the measured ones.
In here, the voltage is displayed in kV rather than V, and the current is scaled down by a
factor of 100 for the purpose of utilizing a common scale of the vertical axis. Overall,
matching of power produced and general wave shapes is satisfactory.
The major difference is in the amount of current ripple on the AC side prior to filtering.
The simulated current waveforms shown are obtained by using hysteresis current control
while the method used in the inverter is yet to be determined. Obviously, the other source
of discrepancy is the lack of information about the Thevenin impedance of the local supply
and assumption that source voltage is a pure sinusoid while the actual waveform is
noticeably distorted.
As to dynamic operation validation, there are three cases in the test. In case (a) we
connect the PV arrays to the utility grid while supplying power to a 2570W purely resistive
heavy load, which consumes more power than the PV system generates (1710W out of
2000W). The time of the measurement is 3:00 pm, so the PV arrays are not at their
maximum output. The rest of the 860W comes from the grid. At the point of disconnection
(red arrow point in Fig. 29 (a)), the current flowing into the load loses the portion from the
grid and tries to compensate with the inverter current. As a result, we see a rise on the
inverter current. Meanwhile, because the circuit is no longer connected to the utility, the
voltage is not in sync with the grid voltage. Under the effect of MPPT algorithm, the output
power of the inverter should maintain a maximum value either before or after the
disconnection, so the voltage will drop a certain value to interact with the current rise. Five
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and a half cycles after the disconnection, the inverter stops working, which means it
detected the abnormal change on the analog signals and successfully recognized the
islanding event. In case (b), the PV system supplies 1700W real power to a 1060W pure
resistive light load, with the remained going to the grid. At the disconnection point, the
inverter experiences a large rise on voltage that reaches the limit of the DC maximum
voltage (the linear portion in the sinusoid waveform) when the inverter current drops
because it only maintains the amount sent to the load. After three cycles, the inverter
identifies the islanding event and stops working. In case (c) we let the size of the load be
matched the produced power at that moment. The PV arrays output 1680W while the load
consumes is 1675W. This creates a more difficult situation for islanding detection. In Fig
29 (c), we can see that after the disconnection, there are barely obvious changes on voltage
and current. The current waveform looks a little smoother than before the disconnection,
which could be an indication of islanding, but it could also be any other type of fluctuations.
Even if it is unique for islanding event, it still depends on the preciseness of the islanding
detection function in the inverter. From the result in Fig 29 (c), the inverter stops working
after seven cycles. It took a longer time compared to case (a) and case (b), for this more
complex case, but the inverter successfully detected the islanding event under matched load.
So this inverter either has a precise passive islanding detection method, or has an internal
active detection method which is not observable from the voltage and current waveforms,
frequency deviation for example. The simulation results in Fig. 30 show a good match to
the lab measurements.
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Fig 29 Dynamic analysis under (a)heavy load, (b)light load, (c) matched load
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Fig 30 Dynamic analysis simulation result under (a) heavy load, (b)light load, (c)
matched load
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4.3 Research on DC-link Capacitors
There are two capacitors in the inverter model. One is connected with the terminals
of PV and the other is between the rectifier and the DC/AC H-bridge. These capacitors
maintain a stable DC voltage waveform and provide potential reactive power. To study the
capacitors specifically, the model is simplified as the following block diagram. Assume the
first capacitor has capacitance C, and the second one has capacitance C 1. Currents and
voltages are marked out for future calculations.
From Fig. 31 first we have:

𝑖𝑠 = 𝑖𝑐 + 𝑖𝑑

Fig 31 Simplified circuit model for researching capactiors
According to capacitor’s I-V characteristic and current direction:
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(5)

𝑖𝑐 = −𝐶

𝑑𝑉𝑠

(6)

𝑑𝑡

Substitute ic we get:

𝑖𝑠 = −𝐶

𝑑𝑉𝑠
𝑑𝑡

+ 𝑖𝑑

(7)

Same on the second capacitor:

𝑖𝑠1 = −𝐶1

𝑑𝑉𝑠1

+ 𝑖𝑑1

(8)

𝑖𝑑 = 𝑛 𝑖𝑠1 , 𝑉𝑠1 = 𝑛 𝑉𝑠

(9)

𝑑𝑡

According to the transformer, with turn ratio n:

Combine (7) (8) (9) we get:

𝑖𝑠 = −(𝐶 + 𝑛2 𝐶1 )

𝑑𝑉𝑠
𝑑𝑡

+ 𝑖𝑑1

( 10 )

At the inverter bridge:

𝑖𝑑1 = 𝐹(𝑖𝑟𝑒𝑓 , 𝑡) × 𝑖𝑓

( 11 )

where F(iref, t) is the switch function and iref is the reference current.
And we know that output current ia is the convolution of if and h(t):

𝑖𝑎 = 𝑖𝑓 ∗ ℎ(𝑡)

( 12 )

If is the deconvolution of ia and h(t), which will give a statistical result by estimation
theory. Here we denote If =deconv(ia, h(t)) for convenience.
Meanwhile, from the input and output power relations, we have:
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𝑃𝑠 𝐸𝑓𝑓 = 𝑃𝑎

( 13 )

Where Ps is the source power from PV, Pa is real power delivered to the utility grid
and Eff is the measured inverter efficiency.
From the relation between power, voltage and current, equation (13) can be modified
to:

𝑉𝑠 𝑖𝑠 𝐸𝑓𝑓 = 𝑉𝑎 𝑖𝑎

( 14 )

Where Va is the utility voltage that should be known and constant.
Now substitute equations (11) (12) (14) to (10), we get:
𝑉𝑎 𝑖𝑎
𝑉𝑠 𝐸𝑓𝑓

= −(𝐶 + 𝑛2 𝐶1 )

𝑑𝑉𝑠
𝑑𝑡

+ 𝐹(𝑖𝑟𝑒𝑓 , 𝑡)𝑑𝑒𝑐𝑜𝑛𝑣(𝑖𝑎 , ℎ(𝑡))

( 15 )

We can see that (15) is a differential equation of Vs with initial conditions, it is possible
to derive an equation which shows dVs/dt is a function of both capacitor size and C1,
although it is difficult to get explicit solution.
Therefore, the DC-link capacitor size affects the fluctuation of the DC side voltage.
According to the simulation result, smaller capacitor sizes result in larger ripples on PV
output voltage, which is bad for the MPPT or current mode control because the average
DC side voltage is brought down. It will send inaccurate feedback voltage signal and
having low voltage on DC side will result in function failure of inverter. There is no
obvious problem when using larger size capacitors, except the initial preparation time will
become longer since you have to wait for the capacitor to be charged before use and the
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economical consideration of capacitor size selection.
Fig.32 – 35 are simulation results of using different size of DC-link capacitors. As the
sizes of both of capacitors drop, the DC side voltage and current show more ripples than
original case and finally result the failure (current drops to zero and voltage reaches to open
circuit voltage value) of the inverter.
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Fig 32 DC capacitor test: C=2000µF, C1=1400µF (original), voltage(upper) and
current(lower)
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Fig 33 DC capacitor test: C=200µF, C1=1400µF, voltage(upper) and current(lower)

64

Fig 34 DC capacitor test: C=20µF, C1=1400µF, voltage(upper) and current(lower)
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Fig 35 DC capacitor test: C=20µF, C1=700µF (Failure), voltage(upper) and
current(lower)
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4.4 Analysis of the LC Filter
The filter of the inverter system is a RLC low pass filter. In this circuit model the filter
is considered ideal and having negligible resistance. Notice that there is a variable inductor
L1 added to the filter system, which is implemented to represent the effect of the coupling
of two inductors. From Fig.36, the voltages before and after the filter can be derived as
shown in the equation (16):

Fig 36 LC low pass filter

Vout
Vin

=

ZC
ZL +ZL +ZC +ZL1

=

1
jωC
1

2jωL+jωL1 +jωC

( 16 )

And the transfer function of the filter is:

𝐻 (𝑠) =

1
𝑠𝐶

1
2𝑠𝐿+𝑠𝐿1 +𝑠𝐶
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=

1
(2𝐿𝐶+𝐿1 )𝑠2 +1

( 17 )

Fig 37 Bode plot of the filter circuit (a) L1=0 H, (b) L1=0.003H

The average switching frequency of current control signals is 20 kHz. From the Bode
plot result (Fig. 37), the gain at 20 kHz is -4.17dB, which is not good enough to filter out
the harmonics. To match the filter effect based on the measurement of the actual inverter,
the equivalent inductance L1 is set to be 0.003H. The gain at 20 kHz drops to -15.7dB.
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CHAPTER 5
SMART INVERTER FUNCTIONALITIES VALIDATION
The previous chapter validated the performance of the circuit model. It behaves much
as a real inverter. In this chapter, we will test the autonomous functionalities of the inverter
defined by Electric Tariff Rule 21 which is stated in Chapter 2.4. These functionalities are
an extension to IEEE standard 1547. However, the Fronius inverter used to create the
circuit model has no ability to generate reactive power. Instead, another inverter from
SMA-America with more functions is used for the field tests.
The distribution system that is tested consists of a south-facing 12 kW PV array with
a 22 degree fixed tilted angle, a 14 kW diesel generator that is equipped with a control
circuit to create a disturbance of both magnitude and frequency of the output voltage, and
adjustable resistive and inductive load bank. Such a microgrid is used in lieu of the local
utility grid due to the difficulty in creating voltage disturbances and impossibility of
creating frequency disturbances. This system is shown in Figure 38 below.
An SMA cluster controller is connected to the inverter with the local speedwire network,
through which the internal technical parameters of the inverter can be adjusted to meet the
new requirements of Rule 21, and record the response of the entire test system. The load
bank is always adjusted to consume more power than what the PV system can generate for
the system to operate properly, as the diesel generator is not designed to turn into a
synchronous motor and consume power. The different tests that were conducted include
over/under voltage ride through, over/under frequency ride through, soft-start or ramp rate,
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and constant power factor operation. Due to the tight schedule, testing of dynamic volt/var
vontrol and anti-Islanding protection have not been conducted.

Fig 38 Micro-grid test site (PV array and inverter platform)
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5.1 Low/High Voltage Ride Through
The low/high voltage ride through setting is designed to allow the inverter to operate
for longer time before it disconnects rather than the time setting of the former standard.
According to Fig.11, the disconnection time is extended by 1 second when the voltage
deviation does not vary significantly from its nominal value, and by about 0.5 second in
extreme cases such as the voltage drops below 50%.

Table 2 Parameters of Voltage Control Limit
Parameter

Unit

Increment

Min.
Value

Max.
Value

VoltCtl.hhLim
VolCtl.hhLimTms

V
ms

1
1

277
100

332.4
60000

VolCtl.hLim
VolCtl.hLimTms

V
ms

1
1

277
100

332.4
60000

VolCtl.lLim
VolCtl.lLimTms

V
ms

1
1

138.5
100

277
10000

VolCtl.llLim
VolCtl.llLimTms

V
ms

1
1

138.5
100

277
10000

Default
332.4
UL1741/2010/277: 160
OFF-Grid60: 10000
304.7
UL1741/2010/277: 1000
OFF-Grid60: 200
243.8
UL1741/2010/277: 2000
OFF-Grid60: 200
138.5
UL1741/2010/277: 160
OFF-Grid60: 10000

Table 2 lists the parameters that control voltage limit and the corresponding trip time.
There are 5 stages of setting from median upper limit, upper limit, nominal, lower limit
and median lower limit. The table shows that the default trip off time for high voltage are
1000 ms and 160 ms when the voltage reaches 304.7V (110% of nominal value) and
332.4V (120% of nominal value) respectively. By adjusting these parameters, the trip off
time under off-nominal voltage can be extended to any desired value within the prescribed
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range.
The field test follows these steps (voltage values are phase-to-neutral in the test):
1) Bring the generator up, connect at 10 kW load.
2) Prepare an under-voltage disturbance down to 96 V (or 80% of nominal value) that
lasts 8 sec, set the inverter to default trip setting (2 sec).
3) Connect the inverter, and start recording – the inverter should sync in 2 min, ramp up
to max power within 1 min, then give it 2 min to stabilize.
4) Initiate the disturbance, the inverter should disconnect within 2 sec.
5) Readjust the ride through time to 10 sec, let the inverter re-sync, then initiate the same
disturbance. The inverter should ride through this. Let it run for 2 min.
6) Prepare an over-voltage up to 108 V (or 92% of nominal value) for 60 sec. set the
inverter to default trip setting (infinite). Initiate the disturbance – the inverter should
remain connected – give it 2 minutes.
7) Prepare an over-voltage up to 130 V (or 108% of nominal value) for 60 sec. set the
inverter to default trip setting (infinite). Initiate the disturbance – the inverter should
remain connected – give it 2 minutes.
8) Prepare an over-voltage up to 135 V (or 112% of nominal value) for 10 sec. set the
inverter to default trip setting (1 sec). Initiate the disturbance – the inverter should
disconnect.
9) Readjust the ride through time to 15 sec, let the inverter re-sync, then initiate the same
disturbance. The inverter should ride through this. Let it run for 2 min.
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10) Prepare an over-voltage up to 140 V (or 117% of nominal value) for 10 sec. Set the
inverter to default trip setting (1 sec). Initiate the disturbance – the inverter should
disconnect.
11) Readjust the ride through time to 15 sec, let the inverter re-sync, then initiate the same
disturbance. The inverter should ride through this. Let it run for 2 min.
12) Stop recording and download the data.
13) Shut off the system.
Initially, the generator voltage was varied between 90% and 108% of its nominal value
of 120 V. As indicated in Fig. 39, the advanced inverter remains connected indefinitely as
all inverters are designed to operate without tripping, including the conventional ones
Fig. 40 shows the ride through result of under voltage case at 82% of nominal value. A
voltage variation that lasts 8 seconds was induced to the system. When the first voltage
variation occurred, the system automatically disconnected within 1 second as the default
trip time setting between 80% to 90% of nominal voltage. Then the system rode through
the second voltage variation while the trip time was extended to 15 seconds.
Fig. 41 and Fig. 42 are the ride through results of over voltage cases at 112% and 117%
of nominal value. The voltage variations are 10 seconds long, which are induced before
and after the default trip time is extended from 1 second to 15 seconds. The system
successfully rode through those disturbances with the modified settings.
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Fig 39 Test result: variation between 90% and 108% of nominal voltage

Fig 40 Test result: under voltage at 82% of nominal value
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Fig 41 Test result: over voltage at 112% of nominal value

Fig 42 Test result: over voltage at 117% of nominal value
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5.2 Low/High Frequency Ride Through
The low/high frequency ride through function increases the trip-off time during the offnominal frequency period before disconnection. As part of the power system, the DER is
also very sensitive to frequency fluctuations. Comparing to WECC’s default setting of
frequency limit in Fig. 12, the SWIG wants to extend the limit of the trip-off time to 300
seconds before disconnection when the off nominal frequency is between 57 Hz to 62 Hz,
and 0.16 seconds as the immediate disconnection when the frequency is at the range
beyond (Table. 3).

Table 3 Default interconnection system response to off nominal frequencies

To meet the requirement of system response time defined in Rule 21, parameters that
control system operation frequency will be modified. Table. 4 below lists these parameters
for the smart inverter being tested. The normal frequency limits usually have wider
adjustment range than median frequency limits according to the table. Note that the default
settings to abnormal frequency are very strict. Any frequency beyond the range from 59.3
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Hz to 60.5 Hz will result in the inverter disconnecting within 0.16 seconds. For this inverter,
the largest value of system response time for over frequency is 90 seconds. It is not
guaranteed that this inverter can stay up to 300 seconds when the frequency is between 60
Hz to 62 Hz.

Table 4 Parameters of Frequency Control Limit
Parameter

Unit

Increment

Min.

Max.

Value

Value

Default

FrqCtl.hhLim

Hz

1

50

65

65

FrqCtl.hhLimTms

ms

1

100

10000

10000

FrqCtl.hLim

Hz

1

50

65

UL1741/2010/277: 60,5
OFF-Grid60: 64,5

FrqCtl.hLimTms

ms

1

100

90000

UL1741/2010/277: 160
OFF-Grid60: 200

FrqCtl.lLim

Hz

1

44

60

UL1741/2010/277: 59,3
OFF-Grid60: 55

FrqCtl.lLimTms

ms

1

100

300000

UL1741/2010/277: 160
OFF-Grid60: 2000

FrqCtl.llLim

Hz

1

44

60

UL1741/2010/277: 57
OFF-Grid60: 44

FrqCtl.llLimTms

ms

1

100

300000

UL1741/2010/277: 160
OFF-Grid60: 300000

The field test of abnormal frequency ride through takes the following steps:
1) Bring the generator up, connect at 10 kW load. Note the frequency should near 60 Hz.
Connect the inverter and let it sync. The system frequency should be near 60 Hz. Start
recording for a couple of minutes.
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2) Vary the frequency down slowly to just above 59.5 Hz, then up slowly to just below
60.5 Hz – the inverter should remain synched within this range.
3) Bring the frequency down to 58 Hz for a period of 20 seconds - with the inverter default
setting (2 sec) – the inverter should disconnect within this time frame.
4) Reset to 60 Hz, let the inverter resync, let is settle for 2 min. adjust the trip time to 30
seconds. Bring the frequency down to 58 Hz for a period of 20 seconds. The inverter
should ride through this.
5) Bring the frequency down to 56.5 Hz for a period of 5 seconds - with the inverter default
setting (0.16 sec) – the inverter should disconnect within this time frame.
6) Reset to 60 Hz, let the inverter resync, let is settle for 2 min. adjust the trip time to 10
seconds. Bring the frequency down to 56.5 Hz for a period of 5 seconds. The inverter
should ride through this.
7) Bring the frequency up to 61.5 Hz for a period of 20 seconds - with the inverter default
setting (2 sec) – the inverter should disconnect within this time frame.
8) Reset to 60 Hz, let the inverter resync, let is settle for 2 min. adjust the trip time to 30
seconds. Bring the frequency up to 61.5 Hz for a period of 20 seconds. The inverter
should ride through this.
9) Bring the frequency up to 62.5 Hz for a period of 5 seconds - with the inverter default
setting (0.16 sec) – the inverter should disconnect within this time frame.
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10) Reset to 60 Hz, let the inverter resync, let is settle for 2 min. adjust the trip time to 10
seconds. Bring the frequency up to 62.5 Hz for a period of 5 seconds. The inverter
should ride through this
11) Stop recording and download the data.
12) Shut off the system.
Fig. 43 to Fig. 46 show the field test results of frequency ride through function. In
Fig.44 the grid frequency is set to 59.5 Hz and 60.5 Hz (default frequency is 60 Hz). Under
both cases the inverter system stays connected for 2 minutes, which indicates it can ride
through any frequency variation between 59.5 Hz and 60.5 Hz indefinitely.
Fig. 44 shows the ride through result of under frequency case at 58 Hz. A frequency
disturbance that lasts 20 seconds was induced to the system. When the first disturbance
occurred, the system automatically disconnected within 2 second as the default trip time
setting between 57 Hz to 59.6 Hz. Then the system rode through the second frequency
disturbance while the trip time was extended to 30 seconds.
Fig. 45 and Fig. 46 are the ride through results of over frequency cases at 61.5 Hz and
62.5 Hz. The frequency disturbances are 20 seconds long, which are induced before and
after the default trip time is extended from 1 second to 30 seconds. The system successfully
rode through those disturbances with the modified settings.
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Fig 43 Test result: frequency variation between 59.5 Hz to 60.5 Hz

Fig 44 Test result: under frequency at 58 Hz
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Fig 45 Test result: over frequency at 61.5 Hz

Fig 46 Test result: over frequency at 62.5 Hz
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5.3 “Soft-Start” Reconnection
“Soft-Start” reconnection function prevents the inrush power flow when the DER is
reconnected to the utility grid from a power outage. The impact of one DER’s reconnection
may be negligible, but if all the DER systems start to output real power at exactly the same
time, the circuit could experience a sharp transition, which could result an instability to the
systems, possibly including voltage spikes or sharp frequency deviations.
The first step to realize the “Soft-Start” is making sure the inverters have enough
preparation time to charge the system capacitors. The default idle time before the inverter
is connected to the grid after reboot should be long enough to let those capacitors fully
charge and the current of PV to drop to zero. In that case, the current of the PV arrays is
guaranteed to rise from zero instead of any positive value which would send a sharp change
on power when reconnected.
Secondly, the parameters that control the active power gradient in the MPPT algorithm
could be precisely adjusted in order to control the power rise rate. The sampling rate and
the increment of active power at each time step are the two factors that affect the gradient.
To slow down the active power from increasing too fast to get to the limit, the controller
can either increase the sampling frequency of the MPPT controller or decrease the
incremental amount of reference signal.
Table. 5 lists the parameters related to the “soft-start” reconnection function. WGra,
WGraRecon and WgraReconEna are control the on/off setting of the active power gradient
functions. WGraConn specifies the value of the gradient ranging from 1% to 10000% of a
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certain constant. The default of WGraReconn is 1200%.
The field test of a “soft-start” reconnection follows these steps:
1) Connect the PV array, inverter, variable load bank and the diesel generator. Wait until
the micro grid system works at steady state.
2) Set WGra, WGraRecon and WgraReconEna parameters to On
3) Conduct multiple tests, set WGraReconn to 10%, 100% and 1000% respectively

Table 5 Parameters of “Soft-Start” Reconnection
Parameter
WGra

Unit
%

Increment
0

Min.

Max.

Value

Value

Off(Island

On(Operati

mode/Off

on/On/On)

Default

/Off)

WGraConn

%

0

1

10000

UL1741

/

2010/277: 1200
Off-Grid60: 600

WGraRecon

%

0

Off(Island

On(Operati

mode/Off

on/On/On)

/Off)

WGraReconEna

0

Off(Island

On(Operati

Off(Island

mode/Off

on/On/On)

mode/Off/Off)

/Off)
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Fig 47 Test result: soft-start reconnection at 10%, 100% and 1000% of reference rate
Fig. 47 shows the field test result of soft-start reconnection function. The reference rate
of the inverter system is 1 minute, within which the power rises from 0 to maximum. In
the field test there are three settings of the reconnection ramp rate at 10%, 100% and 1000%
of the reference rate. The system turns out to follow those settings accurately. Its output
power rises from 0 to maximum after reconnection within 10 minutes, 1 minute and 6
seconds respectively.

5.4 Fixed Power Factor
Fixed power factor function is assigned to maintain constancy to the system power
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factor at a certain value, usually the unity power factor which brings the best efficiency to
the power system. Typically each DER system tries to compensate the reactive power
generated by the local load, by setting the power factor to -0.9 where the circuit is at +0.9
power factor for example. Table. 6 listed the parameters that controls the power factor
settings.
Table 6 Parameters of Fixed Power Factor
Parameter
Q-VArModOp.

Unit

Increment
0

Min.

Max.

Value

Value

Default

Off

PFCnst(cosPhi,

VArCtlVol

specified

VArCnstNom

control/

VArCtlCom

PFCnst/PFCnst)

by

plant

PFCnst
PFCtlCom
PFCtlW
VArCtlVolCrv

The field test steps for fixed power factor are the following:
1) Connect the PV array, inverter, variable load bank and the diesel generator. Wait until
the micro grid system works at steady state.
2) Set Q-VArModOp. to PFCnst (default in this case)
3) Adjust the power factor of load to 1.0, 0.9 and 0.8. Record the response of the inverter
in each load power factor condition.
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Fig 48 Test result: fixed power factor operation at 1.0, 0.84 lag, 0.74 lag, 0.94 lead and
0.84 lead

Fig.48 shows the field test result of fixed power factor function. The power factor of
the system is manually set to 1.0, 0.9 lag, 0.8 lag, 0.9 lead and 0.8 lead. The system is
absorbing reactive power at the power factor of 0.84 and 0.74 lag, and generating reactive
power at the power factor of 0.94 and 0.84 lead. The difference between the setting and the
actual power factors may be caused by the passive reactive components in the inverter and
the transformer. The system sticks to the power factor setting quit well.
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CHAPTER 6
CIRCUIT MODEL ALANYSIS ON SMART INVERTER FUNCTIONALITIES
In contrast to field tests, circuit model simulations can give theoretical analysis on
inverter functions under conditions that real inverters cannot reach. In this chapter,
simulations based on the model discussed in Chapter 3 are done for each smart inverter
functionality. Operations on the inverter system in these simulations are not the same as in
the field tests. The purpose of researching on circuit model is to analyze and predict the
potential reactions of the inverter system which are not shown in the previous tests.

6.1 Low/High Voltage Ride Through Simulation
The software model doesn’t have hardware limitations as real inverters. The
components in the circuit are not getting damaged due to the over current or any other
interference that cause instability to the system. So there is no actual limit in the model
unless it is manually defined. However, this circuit model can still demonstrate the impact
of off-nominal conditions.
Fig. 49 and Fig. 50 show the simulation result when the system is under low voltage
and high voltage. After 2 seconds from the start, the voltage drops or rises by 5% of the
nominal 208V, until it reaches 25% 5 seconds later. Since the power generated by PV is
fixed in this case, under the effect of MPPT, the current increases or decreases by a certain
value whenever there is a change on voltage. These changes of current may reach the limits
of the protection program in the real inverter, which causes the disconnection.
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Fig 49 Output voltage and current under low voltage

Fig 50 Output voltage and current under high voltage
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6.2 Low/High Frequency Ride Through Simulation
This simulation result shows the impact of abnormal frequency to the inverter outputs.
Fig. 51 plotted to dynamic response of PV active power (red line), inverter active power
(blue line) and reactive power (green line). The program starts at 0 seconds and the
frequency of the grid voltage stays at 60 Hz until 2 seconds, after which the operation
frequency rises (Fig. 51(a)) or drops (Fig. 51(b)) by 0.5 Hz every 1 second, until it reaches
62.5 Hz or 57.5 Hz respectively.
In this simulation, the deviation of the frequency from nominal value doesn’t have
much impact on system active power but increases the reactive power generated by the
inverter as the difference to the nominal 60 Hz increases. Between 0 to 2 second, the
fluctuation of reactive power ranges from 0 Var to 500 Var, while it ranges between 0 Var
to 800 Var when the frequency changes to 62.5 Hz or 57.5 Hz. The reactive fluctuation is
caused by the sudden change of inverter switches controlled by the reference signal. These
unexpected changes on reactive power fluctuation may affect the power quality of the
inverter, the efficiency of other functionalities such as fixed power factor control, and the
stability of the DER system.
Fig. 52 shows a similar simulation result for the system response during off nominal
frequency when the inverter is assigned to generate 800 Var reactive power by injecting a
phase shift. The abnormal frequency has more noticeable impact on reactive power
fluctuation when the inverter is operating in the Var-generating mode. In Fig.52, the
reactive power fluctuation range increases from 500Var—1000Var to 150Var—1150Var,
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as the frequency changes from 60 Hz to 62.5 Hz or 57.5 Hz.

(a)

(b)
Fig 51 System response under off nominal frequency (zero var generation), under (a)
high frequency, (b) low frequency
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(a)

(b)
Fig 52 System response under off nominal frequency (var generation mode), under (a)
high frequency, (b) low frequency
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6.3 Dynamic Volt/Var Control Simulation
The same experiment as the field test for dynamic volt/var control has been done on
the PSCAD model with identical parameters. This simulation is aimed to match the Q-V
curve of the tested inverter. Fig. 53 is the Q(V) curve plot compared to the field test result.
And Table 7 and Table 8 recorded the reactive power at each point of off nominal voltage.
The model test has a larger setting on the maximum VAR capability (100% available
reactive power).

Q-V Curve of PSCAD Model
2000

Available Reactive Power (Var)

1500
1000
500
0
-500
-1000
-1500
-2000
-3%

-2%

-1%

0%

1%

2%

Off-nominal Voltage (%)

Fig 53 Q(V) curve of the PSCAD model with 1762Var maximum generation
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3%

Table 7 Dynamic Reactive Power Compensation PSCAD Test (under voltage)
Output Voltage

Off-Nominal

Phase Shift

Reactive Power

208.00

0%

0

0

207.65

-0.17%

0.0628

126

207.29

-0.34%

0.0628

126

206.94

-0.51%

0.2198

447

206.59

-0.68%

0.3454

720

206.23

-0.85%

0.4082

865

205.88

-1.02%

0.5024

1099

205.53

-1.19%

0.5966

1358

205.17

-1.36%

0.6594

1550

204.82

-1.53%

0.7222

1762

Table 8 Dynamic Reactive Power Compensation PSCAD test (over voltage)
Output Voltage

Off-Nominal

Phase Shift

Reactive
Power

208.00

0%

0

0

208.35

0.17%

-0.0628

-126

208.71

0.34%

-0.157

-317

209.06

0.51%

-0.2512

-513

209.41

0.68%

-0.3454

-720

209.77

0.85%

-0.4396

-941

210.12

1.02%

-0.5338

-1182

210.47

1.19%

-0.5966

-1358

210.83

1.36%

-0.6908

-1653

211.18

1.53%

-0.7222

-1762
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6.4 “Soft-Start” Reconnection Simulation
Simulation results for analyzing “soft-start reconnection” function are shown in Fig.54
and Fig.55. Each figure shows the procedure to slow down the active power gradient by
reducing the incremental on active power (Fig. 54) and increasing the sample rate (Fig. 55).

Fig 54 Active power rate after reconnection (reduced Pa increment)
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Fig 55 Active power rate after reconnection (by increasing sample rate)
95

6.5 Anti-Islanding Protection Simulation
Related simulations of anti-islanding detection are also done on the PSCAD circuit
model. In this simulation we want to research and propose an active method of detecting
islanding event. In this case, the PV unit in the circuit model provides 2000W real power
and the load size is exactly the same as the produced power. When the DER system is
supplying a matched load, the inverter voltage shows nearly no difference between before
or after the islanding event. But when the inverter voltage lost synchronism with the grid,
the voltage waveform will follow the shape of inverter current (the load type is constant
impedance). If we enhance this feature with some obvious markers, the controller may
detect the islanding event much easier.

Fig 56 Current Waveform with Intentional Spikes
Here we managed to create a spike at each peak of the current waveform. The switches
controller sends an “off” signal to the H-bridge very half cycle. Fig.56 shows the waveform
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of current with spikes and the voltage. The voltage doesn’t change much during the spikes
because it equals to the grid voltage. The cost of introducing these spikes is the increased
harmonics which will affect the power quality of the system.

(a)

(b)
Fig 57 Voltage Waveform during Islanding (a) without spikes (b) with spikes
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In Fig. 57 the wave shapes are compared during the islanding, with and without
intentional current spikes (red arrow indicates disconnection time). In Fig. 57 (a), it is hard
to distinguish the waveform before and after the disconnection. There may be more
fluctuation on voltages after than before, but in the simulation an ideal voltage source is
used as the utility voltage, while in real life such level of fluctuation is quite common. With
addition of these spikes, the inverter can confirm the islanding by reading the sharp spike
on voltages which will not appear when the inverter is connected to the grid.

6.6 Fixed Power Factor Simulation
In the field test, the inverter showed good control to the system power factor. In this
simulation, the target operation power factor is set to 0.7. This value cannot always to be
achieved because the available reactive power is limited when the PV is generating a large
amount of real power which close to the inverter rating. In Fig. 58, the power factor is
forced to 1.0 when the PV is producing maximum power. The inverter is rated at 2.5 kVA
and is delivering 2.5 kW real power, so there is no room for reactive power. After 1 second
the solar insolation drops to 80% and the inverter is delivering 2.0 kW real power. The
maximum available reactive power is 1.5 kVAR in this case, which makes the power factor
to 0.79. As the solar insolation level keeps dropping, the amount of available reactive power
becomes sufficient to bring the power factor to 0.7. Table. 9 shows the detailed value of
each parameter in the simulation.
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Fig 58 Fixed power factor operation under different solar insolation level
Table 9 Parameters of fixed power factor simulation
Gn

PhaseShift(rad)

Iref(A)

P

Q

PF

1.0

0

17.4

2444

178

0.99

0.8

-0.4082

15.8

1985

1519

0.79

0.6

-0.4396

14

1500

1489

0.71

0.4

-0.3454

11.6

1050

1023

0.70

0.2

-0.157

8.8

450

469

0.69
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CHAPTER 7
SMART INVERTER ALLPICATION ON DISTRIBUTION SYSTEMS
Electrical distribution system delivers power from the substation to consumer end,
usually sized within 10 megawatts. Voltage regulators and parallel capacitor banks are
installed along the feeders to bring up voltage to service range, avoiding the voltage drop
due to the long distance power delivery. When the number of DER system installation
increases, the energy consumers request less power from the substation, which results in
less voltage drop than conventional distribution. Furthermore, if the penetration of
distribution generation is at a high level, voltages on some nodes could rise to be higher
than the substation. Voltage regulators like tap changers are going to prevent the voltage
deviating beyond the upper limit instead of bring it up, and there are problems because the
conventional voltage regulators are not designed to handle large penetration of DGs. Rule
21 require each DER interconnection unit has smart function to deal with the voltage issue
using their reactive power generation ability. This chapter will study the application of
inverters with dynamic reactive power compensation to the distribution system.
The target testbed is the IEEE 34-bus distribution system (Fig. 59). It is an actual
distribution system with both single phase and three phase lines. There are different types
of loads including single phase load, three phase load, phase to phase load and distributed
loads. Two voltage relators are installed in the middle of the lines and a step-down
transformer is installed for bus 888 and 890. The one substation is delivering 2.05 MW at
steady state, at a power factor of 0.99 with 0.29 MVar reactive power lagging. The voltage
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of at the substation is 24.9 kV, line to line, 60 Hz. There are two wind turbines connected
at bus 848 and 890 for testing. In this dissertation, these wind generators are removed and
replace them with 9 PV arrays as the DERs.

Fig 59 IEEE 34-Bus Distribution System

7.1 PSCAD Model of 34-bus Power Grid Test System
The PSCAD model of this test distribution system is created by Jen Z.Zhou, Dharshana
Muthumuni and Paul Wilson (Fig. 60). This model is very accurate with the power flow
result error less than 1% comparing to actual measurement. The model includes all
transformers, regulators, loads and distribution lines. Distribution lines are modeled based
on the six types of standard constructions including 300, 301, 302, 303, 304 and 305. The
distribution loads are equivalently model with one-third of the load placing at the end of
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line and two-thirds of the load put at one-fourth of the way from the source.

Fig 60 Overview of IEEE 34-Bus Testbed PSCAD Model

Voltage regulators have tap changers on each phase (Fig. 61). They can either bring up
or bring down the voltage at each phase individually by switching the taps to a positive or
negative number. The upper and lower limits are (+/-) 13 taps. When the wind turbines are
removed, the regulators maintains the voltage on each node within +/- 5% away from
nominal voltage with the taps at 13, 5 and 5 corresponding to phase A, B and C respectively,
for the first regulator. And second regulator switches to 12, 13 and 13 in above case. The
source at the substations is providing 1.05 per unit voltage. Without the function of voltage
regulators, most of node voltage will be blow 0.95 the lower limit. Fig. 63 shows the bus
voltages before and after the voltage regulators are disabled.
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Fig 61 Circuit Model of Voltage Regulator

IEEE 34-Node System Bus Voltage
1.2

1

0.8

0.6

0.4

0.2

0
V800 V806 V810 V814 V816 V820 V824 V828 V854 V852 V858 V834 V844 V848 V836 V862

Fig 62 Bus Voltage of Test System (Blue: without regulator; Red: with regulator)
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7.2 Implementation of Multiple PV/Inverter Systems to Distribution
9 PV arrays are implemented into the test system model at different locations as
distribution generation. Each PV array includes a certain number of identical 2kW PV
models tested in chapter 3. All of the 9 DGs are single phase system and only connected to
one phase at the node. Table. 10 lists the information of each PV array.

Table 10 Data of Distributed Generations – PV Arrays
Name of DG

Location
(Bus#)

Number of
2kW PV

Maximum
Power (kW)

Phase

PV802

802

50

100

A

PV810

810

25

50

B

PV824

824

100

200

A

PV826

826

25

50

B

PV822

822

50

100

A

PV856

856

50

100

B

PV864

864

150

300

C

PV846

846

50

100

B

PV838

838

50

100

B
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Connection of PV arrays will result in voltage rise. Assuming all of the PV arrays are
outputting their maximum power, the maximum penetration level for this distribution
system will be 55%. This amount of PV penetration will cause the voltage level rise up to
1.1 per unit before the voltage regulators respond to the change. Such voltage level could
lead to protective shut-off of some of equipment in the power system.
And during the procedure we connect the PV arrays, we found that the longer distance
they are, the more voltage rise they cause, even with the less amount of power generated.
This is because the same amount of power from DG compensates the same amount of
current, which travels all the way from the substation. The farther it travels, the more
voltage drop it cause to the system. When it is balanced out, the recovery from the voltage
drop will appear as voltage rise to the system. It also concludes that the location where
adding the DER affect more to the nodes before it (between the substation to the location)
than the rest nodes of the system.
However, we can actually avoid voltage rise issue by preset the regulator taps in
advance, if we know exactly the size and location of the PV that is going to be installed.
Another challenge is the voltage regulators are acting slowly. It usually takes several
minutes between one switch action to the next. PV arrays harvest sunlight to generate
power, which is not a stable energy source because of the unpredictable weather condition.
Moving clouds could cause shading effect resulting in considerable power production
variation between seconds. Dynamic volt/var control function is a good solution to this
rapid voltage change. For each inverter it has a unique Q-V curve due to the instant power
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production. Based on the deviation from the standard value, reactive power that is required
for compensation can be calculated and applied. Usually, when the PV arrays are partially
clouded, it generates much less power than the default value, and the voltage of the
distribution system also drops. If the dynamic volt/var control is enabled, each inverter
generates certain amount of power to counteract the voltage drop. Furthermore, enabling
the reactive compensation at high voltage situation also helps to bring down the voltage
level.

Fig 63 Simulation result of enabling dynamic Volt/Var control (100% insolation)
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Fig 64 Simulation result of enabling dynamic Volt/Var control (80% insolation)
Fig.63 and Fig.64 demonstrate the simulation result of applying dynamic volt/var
control to the system. In Fig.63 the insolation level is 100%, no shading occurs. The
inverters send minor phase shift because they constantly calculate the voltage deviations.
While in Fig.64 the insolation level drop to 80% and cause the voltage drop. Inverters
generate reactive power as much as they can. The voltage level is not adjusted back to the
same as in Fig.63, but the inverters do help alleviating the voltage drop during shading.
Notice that the inverter at bus 838 generates the most reactive power, since bus 838 is the
farthest among the 9 buses, which suffer the largest voltage drop during the event.
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CHAPTER 8
CONCLUSION
This dissertation validates the inverter circuit model. It is an accurate, reliable and
flexible model for research and further application. The model has good response to
insolation change and phase shift. MPPT algorithm based on perturb and observe is
implemented and it sticks to maximum power efficiently. Parameters of the model can be
modified to simulate any other single-phase, current control, hysteresis control inverter. It
is a very good reference for inverter designs.
The power overdrawing issue is addressed. For current control inverter, the requested
power could be high the PV can generates. In that case the inverter work point of I-V curve
moves to the left of maximum power point, which will result continues voltage drop and
lost track of normal operation region. The limit of AC voltage is also derived through the
analysis that the peak of AC voltage should be smaller than the DC voltage, or it will cause
inverse current to collapse the waveform and system stability.
DC-link capacitor size is also discussed and a larger size capacitor should be considered
first to be chosen. Too small capacitor size will result in failure to the system.
Another inverter has been tested under the guidance of the update requirements for
smart inverter defined in Electric Tariff Rule 21. Both simulation and field tests are done
test the autonomous functionalities. The SMA inverter meets most of the requirements
expect the ramp rates function is left undone because it requires the energy storage system
attached to the system.
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The simulation on larger circuit, the IEEE 34-bus distribution system, is done and the
voltage deviation issue under large PV penetration is addressed. As a function of the smart
inverter, dynamic reactive power compensation is a good solution to alleviate the voltage
mitigation during shading effect, while the voltage regulator is not flexible enough to
handle the situation.

Future work includes the following content:
1) Ramp rates functionality is going to be tested. It will begin with the performance of the
simulation then follows with the field test. Energy storage system will be implemented
in both the simulation model and the solar test site.
2) Research on the micro grid including intentional islanding topic is to be done. And the
additional application of smart inverter will be studied, including voltage conservation
reduction and peak shaving.
3) Follow the content of Electric Tariff Rule 21 phase 2 to continue to research on the
communication updates on smart inverter and smart grid. It involves knowledge in
computer science to make the conventional inverter a real “smart” device.
4) Follow the content of Electric Tariff Rule 21 phase 3 to complete the research on
advanced functions of smart inverter.
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